sequences of helices in proteins are nonhelical as monomers in water, it is possible to design peptides that form short a helices. Strategies used to create these helices include (i) the incorporation of many helixstabilizing Ala residues (8, 9); (ii) adding salt bridges between residues separated by one a-helical turn (8, 10-13); (iii) incorporating covalent macrocycles (14) ; and (iv) adding nonpeptide templates to initiate helix formation (15) . The sequences of these minimal models have been systematically varied to elucidate helix-stabilizing interactions.
The thermodynamic basis for the distinct a-helical propensities of amino acids has been evaluated by systematically varying solvent-exposed positions near the center of model helices (10, 12, (16) (17) (18) (19) (20) . The results are generally expressed as the difference in the Gibbs free energy (AG') for forming a helix with a given residue at the variable position, relative to the corresponding process with a reference amino acid. There is good agreement in both the rank order and magnitude of the helical propensities determined with different model systems, with the correlation coefficients ranging from 0.81 to 0.94 ( Table 1) . The difference between the most (Ala) and the least (Gly, excepting Pro) helix-stabilizing amino acid is approximately 1.0 kcal/mol for every scale, with one exception (Table 1) (20) . The energetic range of the helical propensities (1 kcal/mol) is small by comparison to other interactions ( Fig. 1) , so it is tempting to assume that factors such as helix propensity are insignificant. However, helical propensities accumulate along the entire length of the helix, amounting to a sizable energetic driving force. These findings have stimulated numerous theoretical studies that Table 1 have shown that conformational entropy is a major determinant of the helical propensities of amino acids (16, 21) . Helix formation also affects the solvent accessibility of amino acid side chains, which further affects helical propensities (22) . The extent of this effect will vary depending on the structural and sequential context of the site (23) and can be evaluated with atomic solvation parameters (24).
The ot helix has a large macrodipole (Fig. 1) , and appropriately charged residues near the NH2-and COOH-termini can electrostatically stabilize the structure by approximately 0.5 kcal/mol (13, 20, 25). Specific hydrogen-bonded interactions that "cap" the ends of helices (26) have been investigated with minimal models (27) and natural proteins (28) (Fig. 1) . These interactions serve as punctuation marks in the syntax of protein folding. Ser, Asn, Gly, Asp, or Thr residues can hydrogen-bond to exposed amide protons at the NH2-terminus of a helix, stabilizing it by 1 to 2 kcal/mol (27) . In addition, hydrogen bonding and electrostatic interactions between amino acid side chains separated by a single ox-helical turn stabilize a helix by up to 0.5 kcal/mol (11, 13).
Coiled Coils
The ox-helical coiled coil (Fig. 2) represents a structure of intermediate complexity, bridging the gap between simple monomeric helices and native proteins. Coiled coils figure largely in the structures of fibrous proteins and certain DNA binding proteins and also serve as a convenient model system for the study of protein folding. Coiled coils have a seven-residue geometric repeat, which led Hodges and co-workers to design repeating heptapeptides as models for twostranded coiled coils. In the prototype, (LeuaGlu,AlacLeudGlueGlyfLysg)n, apolar Leu residues at positions "a" and "d" of the heptad hydrophobically stabilize the structure (29). Glu and Lys residues at "e" and "g" also stabilize the structure only if the helices pack parallel to one another. Antiparallel homodimers (30) or parallel heterodimers (31, 32) have also been engineered by manipulating the charges of residues at "e" and "g."
This heptad repeat formed the basis for the design of a 29-residue peptide (16) that was used to determine the helical propensities of various amino acids substituted at a solvent-exposed position of the helix (Table 1). Subsequent determination of the crystal structure of this peptide provided a trimeric structure (33) (Fig. 2B) . As in the design, the trimer contains a parallel pair of (x helices, but a third helix docks against this dimer in an antiparallel manner. This finding stimulated a reexamination of the solution behavior of the peptide, which had previously been assumed to be dimeric. The peptide changes its association state progressively from monomer to dimer to trimer as the concentration is increased from a very dilute solution to levels approaching those used in the crystallization (34). A careful determination of the helical propensities with the use of a monomer-dimertrimer equilibrium resulted in a scale not significantly different from that published earlier (34) . 
ARTICLES
The free energies of the two association steps in the monomer-dimer-trimer equilibrium are about the same, which is indicative of a relatively noncooperative assembly process. However, specific changes to the sequence can stabilize either the three-helical or the two-helical state. For instance, addition of loops between the helices leads to single-chain, three-helix bundles (35). A noncovalent dimer has also been engineered by consideration of the two-stranded coiled coil (36) from GCN4, which contains a hydrophilic Asn residue on the hydrophobic surface of its helices. Asn at an equivalent position of the designed peptide similarly specifies dimers. Conversely, changing this Asn residue to Val in GCN4 led to trimers (37, 38). In crystal structures of GCN4, this Asn side chain forms a hydrogen bond between the carboxamide proton of one monomer and the carboxamide carbonyl of its interhelical neighbor. Importantly, the remaining polar functionality of each Asn residue remains accessible for hydration by water. However, in a trimer the Asn residue would be fully buried without the formation of hydrogen bonds to all its polar functional groups. Thus, this break in hydrophobic periodicity provides specificity to the structure, albeit at the price of thermodynamic stability as this substitution destabilizes the free energy of dimerization by about 3 kcal per mole of monomer (34, 39). Other substitutions that affect the hydrophobic periodicity appear to have similar effects (39, 40).
Kim, Alber, and co-workers have studied variants of the GCN4 coiled coil in which each "a" or "d" was replaced by a single amino acid. Peptides with Leu at "d" and Val or Leu at "a" exist in a monomerdimer-trimer equilibrium (37). By contrast, Ile at "d" and Leu at "a" specifies tetramers, whereas Ile at both "a" and "d" specifies trimers (37, 38). The specific steric properties of the amino acids dictate the aggregation state (37, 38); each peptide adopts an aggregation state that provides the best side chain packing while simultaneously maintaining low-energy side chain conformations. The residues at positions other than "a" and "d" also help to determine the aggregation state. For example, peptides with Leu at "a" and "d" form dimers (31), trimers (33), tetramers (35, 41), pentamers (42), or hexamers (43), depending on the hydrophobicity and steric properties of the residues at "e" and "g." Thus, hydrophobicity can drive the formation of secondary structure and self-assembly, but the specific topology depends on side chain packing, hydrogen bonding, and elements included to selectively destabilize alternative folds.
Various researchers have also designed monomolecular coiled coils or helical pairs. Two-stranded structures can be entropically stabilized by forming a disulfide between opposing Cys residues at "a" or "d" (40) or by linking two helices via peptide linkers (44). The low-resolution solution structure of a de novo-designed 38-residue peptide with an antiparallel pair of helices (45) has been determined by nuclear magnetic resonance (NMR) spectroscopy. Similarly, the solution structure of an antiparallel helical dimer ALIN has also been determined by NMR techniques (46).
Design of Four-Helix Bundles
The simplicity, approximate symmetry, and functional diversity of the four-helix bundle-found in cytochromes, lymphokines, enzymes, and phage coat proteins (47)-has made it an attractive target for such protein design. A class of four-helix bundles referred to as TASP proteins (48) (template-assembled synthetic peptides) has been designed in which four helical peptides are attached to a macrocyclic template, such as cyclic peptides (48) 
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plates allow the construction of asymmetric arrays of either parallel or antiparallel helices, greatly expanding the complexity of structures that can be engineered. Whereas TASP proteins use a rigid template to force the helices into juxtaposition, natural proteins use weak, noncovalent forces to specify their fold. In an attempt to mimic this process, we, in collaboration with Eisenberg and co-workers, designed a series of sequences (Fig. 3) that self-assemble into four-helix structures, including tetrameric helices (designated ox1A and ox1B), helix-loop-helix dimers (X2), and singlechain, four-helix proteins ((X) ( 41, 56, 57) . These minimal abstractions of natural fourhelix bundles contain Leu as the sole hydrophobic residue comprising the apolar core. More specific long-range interactions such as interhelical hydrogen bonding or buried salt bridges were not included.
One feature that helps to shape the geometry of the four-helix bundle is the length of the helices: helices of four or more turns pack optimally in elongated bundles, whereas shorter helices can pack into a number of other geometries (58). Therefore, we were interested in determining the structure of a 12-residue amphiphilic ox-helical peptide ((x1; Fig. 3 ) that was isolated as a truncated side product during the course of synthesis of the longer helical peptides (41). In aqueous solution, this peptide equilibrates between random coil monomers and ox-helical aggregates of tetramers, hexamers, and higher order aggregates (35, 41, 59 ). In crystals grown at low pH, it adopts a novel hexameric state stabilized by the packing of the hydrophobic Leu residues (Fig. 4) (60) , whereas crystallization at pH 7 provides a different structure. In each of these designs, the association of hydrophobic side chains provides a powerful driving force for the formation and association of helices. This conclusion is consistent with lattice simulations, which show that sequences of the proper hydrophobic and hydrophilic periodicity can rapidly assume compactly folded structures (66). However, both lattice models as well as early design attempts lack the diversity of stabilizing interactions and specificity found in natural proteins, which we believe are essential for stabilizing native-like folds and function.
Toward this goal, Hecht and co-workers (67) introduced a combinatorial approach as a powerful tool for de novo protein design. They used mixed oligonucleotides to encode a library of partially random proteins with polar-nonpolar pattems similar to those used in ox4. Hydrophobic side chains were drawn randomly from a pool consisting of Met, Val, Leu, Phe, or Ile; hydrophilic residues were Asn, Asp, GIn, Glu, His, or Lys; hydrophilic and helix-breaking residues were used in the loops (Fig. 5) . Most of the partially random proteins were expressed at high levels in Escherichia coli, which suggests that they achieved structures protecting them from rapid proteolysis. It will be interesting to determine what percentage of the randomized proteins adopt native-like structures in solution.
Alternatively, one can introduce more specific interactions into a minimalist framework such as (X4, thereby establishing a hierarchic order of principles essential for achieving a unique fold. Regan (Fig. 3) 
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Fig. 5. Comparison of semirandom proteins (67) to a4 (96)
. The color coding of the residues is the same as in Fig. 3 . The free energy of denaturation of a4 is 15 kcal/mol (70), whereas that of proteins B, F, and 86 is 1 to 5 kcal/mol. This stability gap can be partially accounted for by differences in helix propensity (-4 to 6 kcal/mol; see Table 1 ) and possibly also by intrahelical electrostatic interactions (4 kcal/mol; see Fig. 1 ).
Zn2 ?restored their thermodynamic stabilities while also decreasing the conformational mobility of the hydrophobic core. Thus, it has been possible to replace much of the nonspecific hydrophobic driving force with geometrically restrictive metal ion-ligand interactions. However, for all the improvements, H6cx4 still lacked a cooperative thermal transition indicative of a fully native conformation. We also investigated the effect of varying the steric bulk of the interior side chains to introduce more geometric complementarity into the helix-helix interfaces. Seven simultaneous changes were made in the hydrophobic core of ox2B, resulting in a dimeric protein (ot2C; Fig. 3 ) that underwent a temperature-dependent transition from a nativelike state to a molten globule-like state with a transition midpoint near room temperature (71). We next introduced a metal-binding site into this protein and found a surprise characteristic of progress in protein design: The resulting dimeric protein, ot2D, proved to be native-like, even in the absence of metal ions (72). Subsequent synthesis of ox2D analogs showed that the improvements were a consequence of changing two hydrophobic residues to hydrophilic residues (originally included to bind metal ions), which might destabilize unwanted folds in a manner similar to the above-mentioned Asn in position "a" of coiled coils. Thus, conformational specificity demands the correct balance of hydrophobic and hydrophilic interactions (73): too few hydrophobic residues lead to inadequate stability, but too many lead to highly stable but dynamic structures.
In an approach similar to de novo design, Regan and co-workers have idealized the entire hydrophobic interior (24 residues) of a natural four-helix bundle, ROP (74), while keeping the polar interactions invariant. This protein tends to have a heptad repeat with small hydrophobes at "a" and large hydrophobes at "d," and these residues stack in layers consisting of two small and two large side chains per stack. This tendency was idealized by making all the "a" and "d" residues Ala and Leu, respectively. The resulting protein is highly stable and behaves in all respects examined like a native protein. A similar pattern of Ala and Leu residues has recently been found in the crystal structure of a helical peptide (75) designed to solubilize membrane proteins (Fig. 2, C and E) . These findings provide a paradigm for the design of uniquely folded, four-helix bundle proteins. The alternation of small and large residues at "a" and "d" should destabilize rotationally symmetrical parallel coiled coils; the Ala residues would group in layers, leading to cavernous holes. On the other hand, in antiparallel structures the small and large residues combine with considerable geometric complementarity: large Leu side chains pack into holes created by smaller Ala side chains.
I8 Sheet and Mixed ox-,
Structures
A number of experimental difficulties have beset the development of models for ,B sheet formation. Unlike ox helices, where there is a regular succession of hydrogen bonds between amides four residues apart in sequence, ,B sheets are formed by residues at variable and often distant positions in the sequence. Also, the exposed amides at the edge of ,B sheets can hydrogen-bond to other sheets, leading to insoluble aggregates. Nevertheless, considerable progress has been made through the design of dibenzofurans and other templates that stabilize ,B sheets (51, 76). In addition several groups have modified natural 1B sheet proteins to obtain model systems for determining 1B sheet propensity scales (77). These scales appear to be more contextually dependent than the analogous ox-helical scales, so their utility for protein design has yet to be established. It is intended to fold  into a sandwich of two identical fourstranded, antiparallel ,B four residues thought to contact the bases were retained; Arg was placed at each position believed to electrostatically interact with the phosphodiester backbone; and the helix-stabilizing residues Glu and Ala were placed at solvent-exposed sites. The peptide indeed bound with high affinity to DNA, and subsequent crystallographic studies of GCN4 bound to DNA supported the main features of the predicted model (97). Fisher and co-workers applied a similar approach to map out the residues believed to be important for DNA binding in the related basic helix-loop-helix (bHLH) motif, which consists of a basic DNA binding region followed by a helix-loop-helix dimerization motif (98). Again, crystallographic studies of the bHLH domain of USF bound to DNA confirmed the essential features inferred from construction of minimal models (99) .
Betabellin was one of the first de novo designed proteins (78).
Minimalist design has also been applied to probe the role of specific residues in the folding and function of DNA binding motifs of known structure. Berg and co-workers (6) designed a model zinc finger, a motif whose conformation is determined by interactions between conserved His and Cys residues and a tetrahedrally ligated Zn2+ ion. A Cys2His2 peptide was designed and synthesized, and its metal binding and structural properties were characterized (6). This 26-residue peptide was based on a polyalanine sequence and contained only seven of the most conserved residues for TFIIIAtype zinc fingers. The designed peptide exhibited properties similar to those of native zinc fingers, which demonstrated that all of the information required for correct folding and metal coordination is contained within the seven conserved residues. However, the peptide lacked specificity as it formed both 2:1 and 1:1 complexes with metal ions.
Similarly, initial attempts to design minimal peptides based on the homeodomain motif resulted in structures with fluctuating tertiary structures (7). Subsequent designs served to identify several exposed residues that are important for specific folding and DNA binding.
Other researchers have used the zinc finger motif as a framework for creating proteins with novel DNA binding preferences. Because each finger module recognizes three base pairs, it is theoretically possible to identify zinc fingers that bind each of the 64 possible codons. It would then be possible to design multimeric zinc fingers to bind to any DNA sequence (100). With this goal in mind, a prototype three finger sequence from Zif268 was fused to pIll, a minor coat protein from bacteriophage M13 (101). After the residues known to be important for DNA binding in one finger module were randomized, phages displaying mutant fingers were selected for their ability to bind to novel DNA sequences. In a particularly elegant contribution, Klug and co-workers (102) created a three-zinc finger protein that bound a nine-base pair target sequence spanning the fusion point of pl9OBCR-ABL In vivo expression of the peptide blocked transcription of DNA containing the target sequence.
Outlook
De novo protein design has provided a powerful methodology for investigating protein folding. The gross features that direct the collapse of the protein chain into compact structures have been demonstrated, and the subtleties that specify unique structures are being elucidated. A variety of uniquely folded helical bundles have been designed; similar progress on other folds will certainly follow. As designers turn their attention to functional proteins with less symmetry, the blending of combinatorial approaches with rational design should provide impressive results. For instance, one might convert a minimalist framework to a redox active protein by first introducing side chains that ligate a desired transition metal ion. The ligating side chains could then be stabilized in the appropriate conformation through interactions with surrounding residues introduced with an experimental (103) or computational (104) combinatorial approach. In a similar manner, it is easy to envision the design of sites capable of binding-transition-state analogs or proteins of therapeutic importance.
